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Abstract 

This review starts with a brief introduction to the charged Higgs boson (H^) in 
the Minimal Supersymmetric Standard Model (MSSM). It then discusses the prospects 
of a relatively light boson search via top quark decay and finally a heavy 
boson search at LHC. The viable channels for search are discussed, with particular 
emphasis on the H — > tv decay channel. 



1 Introduction 

The minimal supersymmetric extension of the Standard Model (MSSM) contains two Higgs 
doublets 0+'° and with opposite hypercharge Y = ±1, to give masses to the up and down 
type quarks and leptons. This also ensures anomaly cancellation between their fermionic 
partners. The two doublets of complex scalars correspond to 8 degrees of freedom, 3 of 
which are absorbed as Goldstone bosons to give mass and longitudinal components to the 
W ± and Z bosons. This leaves 5 physical states: two neutral scalars h° and H°, a pseudo- 
scalar A , and a pair of charged Higgs bosons H ± . While it may be hard to distinguish any 
one of these neutral Higgs bosons from that of the Standard Model, the H ± pair carry a 
distinctive hall-mark of the MSSM. Hence the charged Higgs boson plays a very important 
role in the search of the SUSY Higgs sector. 



At the tree-level all the MSSM Higgs masses and couplings are given in terms of two 
parameters - the ratio of the vacuum expectation values, tan (3 = (0°) / (0°) , and any one 
of the masses, usually taken to be M A . The physical H^ 1 and A states correspond to the 
combinations 

if± = 0±cos/3 + (^sin/3, 

A = >/2(Im$cos/3 + Im$j sin /3) , (1) 
while their masses are related by 

M 2 H± = M\ + M*y, (2) 

with negligible radiative corrections [1]. 

The important couplings of the charged Higgs boson are 

H + tb : —pS (m t cot 3 + ?mtan/3), H + tu : —pS m T tan/3, 

H + cs : (m c cot (3 + m s tan (3), H + W~Z : 0, (3) 

with negligible radiative corrections. 

The H + tb Yukawa coupling of eq.(3) is ultraviolet divergent. Assuming it to remain 
perturbative upto the GUT scale implies 

1 < tan < m t /m b (~ 50). (4) 

However this assumes the absence of any new physics beyond the MSSM upto the GUT scale 
- i.e. the socalled desert scenario. Without this assumption one gets weaker limits from the 
perturbative bounds on this coupling at the electroweak scale, i.e. 

0.3 < tan/? < 200. (5) 

Moreover there is a strong constraint on the Ma — tan (3 parameter space coming from the 
LEP-2 bound on the H$m mass, which is also applicable to at low tan/5, i.e. > 114 
GeV [2]. Comparing this with the MSSM prediction implies tan/3 > 2.4 for any value of Ma 
[1, 2] (see Fig. 2 below). However the MSSM prediction for M h depends sensitively on the 
top quark mass. The recent increase of this mass from 175 to 178 ± 4.3 GeV [3] along with 
a more exact evaluation of the radiative correction [4] have resulted in a significant weaking 
of this constraint. In fact there is no LEP bound on tan/5 now, which would be valid for 
all values of M A - Nonetheless it implies M A > 150 GeV (M H ± > 170 GeV) over the low 
tan/3(< 2) region. But being an indirect bound, it depends strongly on the underlying model. 
There is no such bound in the CP violating MSSM due to h-A mixing [5]. Moreover there 
are singlet extensions of the MSSM Higgs sector like the socalled NMSSM, which invalidate 
these Ma(M h ±) bounds without disturbing the charged Higgs boson [6]. Therefore it is 
prudent to relax these indirect constraints on M H ± and tan/3, and search for over the 
widest possible parameter space. It should be noted here that the H ± couplings of eq.(3) 
continue to hold over a wide class of models. In fact the fermionic couplings hold for the 
general class of Type-II two-Higgs-doublet models, where one doublet couples to up type 
and the other to down type quarks and leptons [1]. 
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2 Search for a Light H ± (M H ± < m t ) 

The main production mechanism in this case is top quark pair production 

QQ, 99 -> tt, (6) 

followed by 

t^bH + and/or (7) 
The dominant decay channels of are 

H + -> cs, r+z/ and W&& + he, (8) 

where the 3-body final state comes via the virtual tb channel. All these decay widths are 
easily calculated from the Yukawa couplings of eq.(3). The QCD correction can be simply 
implemented in the leading log approximation by substituting the quark masses appearing 
in the Yukawa couplings by their running masses at the H ± mass scale [7]. Its main effect is 
to reduce the b and c pole masses of 4.6 and 1.8 GeV respectively [2] to their running masses 
m b (M H ±) ~ 2.8 GeV and m c (M H ±) ~ 1 GeV. The corresponding reduction in the t pole 
mass of 175 GeV is only ~ 5 %. 

The t — > bH + branching ratio is large at tan/3 ^ 1 and tan/3 £ mt/mb, which are driven 
by the m t and the mj, terms of the H + ib coupling of eq. (3) respectively. However it has 
a pronounced minimum around tan/3 = ^m t /mt, — 7.5, where the SM decay of t — > bW 
is dominant. The H ± is expected to decay dominantly into the ru channel for tan/5 > 1, 
while the cs and the bbW channels dominate in the tan/3 < 1 region. This can be easily 
understood in terms of the respective couplings of eq.(3). The H + — > bbW three-body decay 
via virtual tb channel is larger than the H + — > cs decay for M#± £ 140 GeV, although the 
former is a higher order process [8, 9]. This is because the H + ib coupling is larger than the 
H + cs coupling by a factor of m t /m c > 100 in the low tan/3 region. The M H ± < 140 GeV 
region has already been excluded at tan (3 < 1 by the t — > bH + — » bes search at Tevatron [2]. 
With a much larger tt production rate at LHC one can extend the search to the M#± > 140 
GeV region via the H ± — > bbW channel at tan/5 < 1 [9]. Let us concentrate however on the 
— > tv channel, which dominates the theoretically favoured region of tan/5 > 1. 

2.1 r Polarization Effect 

The discovery reach of the r channel for search at Tevatron and LHC can be significantly 
enhanced by exploiting the opposite polarization of r coming from the H ± — > tv(P t = 
+ 1) and W ± — > tv(P t = —1) decays [10]. Let me briefly describe this simple but very 
powerful method. The best channel for r-detection in terms of efficiency and purity is its 
1-prong hadronic decay channel, which accounts for 50% of its total decay width. The main 
contributors to this channel are 

T± -> 7^(12.5%), T ± -> P ± V r -> 7T ± 7T Z/ T (26%), 



r 



± 



of i/ T -> 7T ± 7r 7r°z/ r (7.5%), (9) 
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where the branching fractions of the ir and p channels include the small K and K* contri- 
butions respectively [2], which have identical polarization effects. Together they account for 
more than 90% of the 1-prong hadronic decay of r. The CM angular distributions of r decay 
into 7r or a vector meson v(— p, a±) is simply given in terms of its polarization as 

= I(l + P T cos£), 

1 2 
— 777 

2 T (l+P T COS#), 
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where L, T denote the longitudinal and transverse polarization states of the vector meson 
[10, 11]. This angle is related to the fraction x of the r lab. momentum carried by the 
meson, i.e. the (visible) r-jet momentum, via 

2x-l- ml /ml 

cos# = — — — — . (11) 

1 - mi Jml 

It is clear from (10) and (11) that the signal (P T = +1) has a harder r-jet than the back- 
ground (P T = —1) for the 7r and the Pl, an contributions; but it is the opposite for p T , clit 
contributions. Now, it is possible to suppress the transverse p and a\ contributions and 
enhance the hardness of the signal r-jet relative to the background even without identifying 
the individual resonance contributions to this channel. This is because the transverse p and 
a\ decays favour even sharing of momentum among the decay pions, while the longitudinal p 
and di decays favour uneven distributions, where the charged pion carries either very little or 
most of the momentum [10, 11]. Fig. 1 shows the decay distributions of Pl,o>il and Ptj^it 
in the momentum fraction carried by the charged pion, i.e. 

X' = P^/Pr-jet- (12) 

The distributions are clearly peaked near x' ~ and x' ~ 1 for the longitudinal p and a lt 
while they are peaked in the middle for the transverse ones. Note that the r + — * ir ± i , T decay 
would appear as a 5 function at x' — 1 on this plot. Thus requiring the n* 1 to carry > 80% 
of the r-jet momentum, 

x' > 0.8, (13) 

retains about half the longitudinal p along with the pion but very little of the transverse 
contributions. This cut suppresses not only the W — > tv background but also the fake r 
background from QCD jets 1 . Consequently the r-channel can be used for H ± search over a 
wider range of parameters. The resulting H ± discovery reach of LHC is shown on the left 
side of Fig.2 [12]. It goes upto M A ~ 100 GeV (M H ± ~ 130 GeV) around the dip region of 
tan (3 ~ 7.5 and upto M A ~ 140 GeV (M H ± ~ 160 GeV) outside this region. 

1 Note that the x' ~ peak from and a\L can not be used in practice, since r-identification requires a 
hard tt^ 1 , which will not be swept away from the accompanying neutrals by the magnetic field. 
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3 Search for a Heavy H ± (M H ± > m t ) 

The main production process here is the leading order (LO) process [13] 

gb -> tH~ + h.c. (14) 

The complete NLO QCD corrections have been recently calculated by two groups [14, 15], 
in agreement with one another. Their main results are summarized below: 

(i) The effect of NLO corrections can be incorporated by multiplying the above LO cross- 
section by a K factor, with practically no change in its kinematic distributions. 

(ii) With the usual choice of renormalization and factorization scales, lir = iif — M H ± + 
m t , one gets K ~ 1.5 over the large M H ± and tan/3 range of interest. 

(iii) The overall NLO correction of 50% comes from two main sources — (a) ~ 80% correc- 
tion from gluon emission and virtual gluon exchange contributions to the LO process 
(14), and (b) ~ — 30% correction from the NLO process 

gg-*tH-b + h.c, (15) 

after subtracting the overlapping piece from (14) to avoid double counting. 

(iv) As clearly shown in [15], the negative correction from (b) is an artifact of the common 
choice of factorization and renormalization scales. With a more appropriate choice 
of the factorization scale, Lip — (M H ± + ra t )/5, the correction from (b) practically 
vanishes while that from (a) reduces to ~ 60%. Note however that the overall K factor 
is insensitive to this scale variation. 

(v) Hence for simplicity one can keep a common scale of lif,r = M H ± + m t along with a 
K factor of 1.5, with an estimated uncertainty of 20%. Note that for the process (14) 
the running quark masses of the H + tb coupling (3) are to be evaluated at lir, while 
the patron densities are evaluated at Lip. 

The dominant decay mode for a heavy H ± is into the tb channel. The H ± — > tv is the 
largest subdominant channel at large tan/3( £ 10), while the H ± — > W ± h° can be the largest 
subdominant channel over a part of the small tan/3 region [1]. Let us look at the prospects 
of a heavy H^ 1 search at LHC in each of these channels. The dominant background in each 
case comes from the tt production process (6). 

3.1 Heavy H ± Search in the tv Channel 

This constitutes the most important channel for a heavy search at LHC in the large 
tan (3 region. Over a large part of this region, tan (3 £ 10 and M H ± >, 300 GeV, we have 

BRiH* -> tv) = 20 ± 5%. (16) 

The signal coming from (14) and (16) is distinguished by very hard r-jet and missing- 

Pt{1>t), 

p^_ jct > lOOGW and fa > lOOGeV, (17) 
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with hadronic decay of the accompanying top quark (t — > bqq) [16]. The main background 
comes from the tt production process (6), followed by t — > bru, while the other t decays 
hadronically. This has however a much softer r-jet and can be suppressed significantly with 
the cut (17). Moreover the opposite r polarizations for the signal and background can be 
used to suppress the background further, as discussed earlier. Figure 3 shows the signal 
and background cross-sections against the fractional r-jet momentum carried by the charged 
pion (12). The hard charged pion cut of (13) suppresses the background by a factor of 

5- 6 while retaining almost half the signal cross-section. Moreover the signal r-jet has a 
considerably harder pt and larger azimuthal opening angle with the fx in comparison with 
the background. Consequently the signal has a much broader distribution in the transverse 
mass of the r-jet with the fa, extending upto M#±, while the background goes only upto 
M w . Figure 4 shows these distributions both with and without the hard charged pion cut 
(13). One can effectively separate the H ± signal from the background and estimate the H ± 
mass from this distribution. The LHC discovery reach of this channel is shown in Fig. 2, 
which clearly shows it to be the best channel for a heavy if ± search at large tan f3. It should 
be added here that the transition region between M#± > m t and < m t has been recently 
analysed in [17] by combining the production process of (14) with (6,7). As a result it has 
been possible to bridge the gap between the two discovery contours of Fig. 2 via the ru 
channel. 

3.2 Heavy H ± Search in the tb Channel 

Let us discuss this first for 3 and then 4 b-tags. In the first case the signal comes from (14), 
followed by 

E ± -> tb, ib. (18) 
The background comes from the NLO QCD processes 

gg — > tibb, gb — > tib + h.c, gg — > tig, (19) 

where the gluon jet in the last case can be mistagged as b (with a typical probability of 
~ 1%). One requires leptonic decay of one of the ti pair and hadronic decay of the other 
with a px > 30 GeV cut on all the jets [18]. For this cut the 6-tagging efficiency at LHC is 
expected to be ~ 50%. After reconstruction of both the top masses, the remaining (3rd) b 
quark jet is expected to be hard for the signal (14,18), but soft for the background processes 
(19). A px > 80 GeV cut on this 6-jet improves the signal/background ratio. Finally this 

6- jet is combined with each of the reconstructed top pair to give two entries of M t b per event. 
For the signal events, one of them corresponds to the H ± mass while the other constitutes 
a combinatorial background. Figure 5 shows this invariant mass distribution for the signal 
along with the above mentioned background processes for different if ± masses at tan (3 = 40 
Similar results hold for tan/5 ~ 1.5. One can check that the significance level of the signal is 
S/\/B £5 [18]. The corresponding discovery reaches in the high and low tan/3 regions 
are shown in Fig. 2. While the discovery reach via tb is weaker than that via the tv channel 
in the high tan (3 region, the former offers the best if ± discovery reach in the low tan f3 region. 
This is particularly important in view of the fact that the indirect LEP limit shown in Fig. 
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2 gets significantly weaker with the reported increase in the top quark mass, as discussed 
earlier. 

One can also use 4 &-tags to look for the H ± — > tb signal [19]. The signal comes from 
(15,18), and the background from the first process of (19). After the reconstruction of the ti 
pair, both the remaining pair of 6-jets are expected to be soft for the background, since they 
come from gluon splitting. For the signal, however, one of them comes from the if ± decay 
(18); and hence expected to be hard and uncorrelated with the other 6-jet. Thus requiring a 
Pt > 120 GeV cut on the harder of the two 6-jets along with large invariant mass (M bb > 120 
GeV) and opening angle (cosObb < 0.75) for the pair, one can enhance the signal/background 
ratio substantially. Unfortunately the requirement of 4 6-tags makes the signal size very 
small. Moreover the signal contains one soft 6-jet from (15), for which one has to reduce 
the pt threshold from 30 to 20 GeV. The resulting signal and background cross-sections 
are shown in Fig. 6 for tan/5 = 40. In comparison with Fig. 5 one can see a significant 
enhancement in the signal/background ratio, but at the cost of a much smaller signal size. 
Nonetheless this can be used as a supplementary channel for if ± search, provided one can 
achieve good 6-tagging for px ~ 20 GeV jets. 

3.3 Heavy i7 ± Search in the Wh° Channel 

The LEP limit of M h o > 100 GeV in the MSSM implies that the -> Wh° decay channel 
has at least as high a threshold as the tb channel. The maximum value of its decay BR, 

B mH (ff ± -> Wh°) ~ 5%, (20) 

is reached for H ± mass near this threshold and low tan/5. The small BR for this decay 
channel is due the suppression of the H + W~~h° coupling relative to the H + tb coupling (3). 
Note that both the decay channels correspond the same final state, H ± — > bbW, along with 
an accompanying top from the production process (14). Nonetheless one can distinguish the 
— > Wh° from the H ± — > tb as well as the corresponding backgrounds (19) by looking for 
a clustering of the bb invariant mass around M h o along with a veto on the second top [20]. 
Unfortunately the BR of (20) is too small to give a viable signal for this decay channel. Note 
however that the LEP limit of M h o > 100 GeV does not hold in the CP violating MSSM 
[5] or the singlet extensions of the MSSM Higgs sector like the NMSSM [6]. Therefore it is 
possible to have a Wh threshold significantly below m t in these model. Consequently one 
can have a H ± boson lighter than the top quark in these models in the low tan/3 region, 
which can dominantly decay into the Wh° channel. Thus it is possible to have spectacular 
t -> bH + -> bWh° decay signals at LHC in the NMSSM [20] as well as the CP violating 
MSSM [21]. 

4 Concluding Remarks 

Let me conclude by commenting on a few aspects of H ± boson search, which could not be 
discussed in this brief review. The associated production of H ± with W boson has been 
investigated in [22], and the H ± H Zf and H^A productions in [23]. Being second order 
electroweak processes, however, they give much smaller signals than (14), while suffering 
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from the same background. However one can get potentially large H ± signal from the decay 
of strongly produced squarks and gluinos at LHC, which can help to fill in the gap in the 
intermediate tan (3 region of Fig. 2 for favourable SUSY parameters [24] . 

Finally, the SUSY quantum correction to H ± production can be potentially important 
since it is known to be nondecoupling, i.e. it remains finite even for very large SUSY mass 
parameters [25, 26, 27]. A brief discussion of this effect can be found in a larger version of 
this review [28], which also covers H ± search at LEP and Tevatron. 
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Figure 1: Distributions of the normalised decay widths of r 1 * 1 via pf T — > tt^ti and af LT 
tt^tt ^ in the momentum fraction carried by the charged pion [10]. On this plot the 
ti^~u decay would correspond to a 5-f unction at x' = 1. 
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Figure 2: The 5-a boson discovery contours of the ATLAS experiment at LHS from 
t — > bH + , H + — > tv (vertical); gb — > tH~ , H~tv (middle horizontal) and gb — > — * 
£& (upper and lower horizontal) channels [12]. One can see similar contours for the CMS 
experiment in the second paper of ref. [12]. The horizontal part of indirect LEP limit shown 
here has weakened significantly now as explained in the text. 
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Figure 3: The LHC cross-section for a 300 GeV H* 1 signal at tan (3 = 40 shown along with 
the tt background in the 1-prong r-jet channel, as functions of the r-jet momentum fraction 
carried by the charged pion. 
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Figure 4: Distributions of the H + signal and the tt background cross-sections in the trans- 
verse mass of the r-jet with ^> T for (left) all 1-prong r-jets, and (right) those with the charged 
pion carrying > 80% of the r-jet momentum (M H ± = 200,400,600 GeV and tan/3 = 40) [16]. 
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Figure 5: The reconstructed tb invariant mass distribution of the signal and different 
QCD backgrounds in the isolated lepton plus multijet channel with 3 6-tags [18]. 
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Figure 6: The reconstructed tb invariant mass distribution of the H ± signal and the QCD 
background in the isolated lepton plus multijet channel with 4 6-tags [19]. The scale on the 
right corresponds to applying a 5-tagging efficiency factor e\ = 0.1. 
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